According to Directive 2002/91/EC on the energy performance of buildings (EPBD) it is important to determine the expected energy consumption of buildings in the designing phase. The existing national and international regulations are inadequate regarding methods to calculate the energy consumption of air handling units. The actual calculation methods are fairly inexact approximations producing a single figure for the monthly energy consumption using average temperature or average enthalpy which only approximately take into account the changing of ambient air. A new calculation procedure was developed to provide a more accurate analysis of the energy consumption of air handling systems and to remedy the above mentioned inadequacies.
Introduction
The population and residential buildings represent almost 40% of the total energy consumption in Hungary. Their share is similar in the EU countries and if the buildings used in the industrial and transport sector are also taken into consideration, this figure even reaches 50%. The major part of this 50% is used for air conditioning. From the point of view of sustainable development and international agreements (Kyoto protocol) the reduction of carbon dioxide emissions and energy consumption is an important issue. The energy consumption of air handling units can be calculated in two ways. In the case of working air handling units the actual consumption data can be exactly determined by measurement. But according to Directive 2002/91/EC on the energy performance of buildings (EPBD) it is also important to determine the expected energy consumption of buildings in the designing phase. The directive was implemented by the Decree no. 7/2006 of the Minister Without Portfolio. The decree provides information and methods to calculate the energy consumption of building services but for instance the calculation of the energy consumption of air handling units is still problematic. Effective since 2008, Government Decree 264/2008 (XI. 6.) gives guidelines for the energy audit of boilers and air conditioning systems. The European Committee for Standardization (CEN) prepared the prEN ISO 13790 standard in 2005 which was adopted in Bulgaria, France, Ireland, Poland, Hungary, Slovakia and Slovenia. In Hungary it came into force in 2008 named MSZ EN ISO 13790:2008. Though enabling us to calculate the energy consumption of air handling units the standard uses a rather simplified method which does not take into consideration the method of air moistening during the air handling process and fails to include air handling units which have an energy recovery unit. In addition, changes in weather data are only incorporated by the monthly average temperature, which makes the calculation procedure less exact.
Despite the fact that among European countries Germany leads in the development of building energy standards and calculation methods these methods are still too simplified for the estimation of the energy consumption of air handling units. VDI 2067 can be used to calculate only the energy consumption of air handling units for the whole year in spite of the fact that there are air handling units that only operate for some months during the year. Also, this calculation procedure does not take into account the systems which are equipped with an energy recovery unit. Another disadvantage of this standard is that it only calculates the net energy consumption of air handling units and does not indicate primary energy consumption. DIN V 18599 allows for the calculation of primary energy consumption (including pump and fan energy) of ventilation systems but only of air handling types that are incorporated in the standard. This is a restriction as there are air handling units of various structures operating in buildings.
As for the American results in this research field and their standards (ASHRAE) they are even less detailed, only listing the available calculation methods for dimensioning.
During our research our objective was to work out a calculation procedure which is suitable for the analysis of the energy consumption of air handling units taking into account the different and complex air handling processes and the above mentioned inadequacies.
The basis of the theoretical background
From the perspective of air handling technology the key attributes of outdoor air are temperature, humidity and enthalpy. These values randomly vary from minute to minute. The probability theory starts from a set of elementary results of some experiments (e.g.: air temperature measurement). One single real number can be attributed to each elementary event (the measured temperature). The function obtained through this attribution is called the probability variable. There are discrete and continuous probability distributions. The state of air can take any value within a range and may be regarded as a continuous probability variable. A probability variable may have an expected value, dispersion, distribution and density function.
A probability variable with continuous distribution is characterized by the probability distribution (F(x)) and density (f(x)) functions [1] .
The probability that a random variable ξ does not exceed a real value x is defined as function:
and is called distribution function. The probability that the continuous random variable ξ has a value in an interval (a,b) is written up as:
A random variable ξ is continuous if its distribution function F(x) = P(ξ < x) can be written as:
The function f (t) is called the probability density function of the continuous random variable ξ . [13] The distribution functions of outdoor air parameters (temperature, enthalpy) can be applied to determine the actual energy consumption of air handling units [2] [3] [4] . The temperature, humidity and enthalpy of outdoor air can be accounted as continuous distribution probability variables that can be approximated using the Gauss distribution [5] [6] [7] . When calculating the energy consumption of heating and cooling it is necessary to take into account the ambient air parameters (temperature, humidity and enthalpy) that vary daily and seasonally [8] [9] [10] . In the energy calculation of a building the outdoor air condition values can be regarded as a probability variable that has momentary, maximum, minimum and average values as well as a distribution function which can be defined daily, weekly, monthly and annually. We can make more refinements by defining a daytime period (07-19 hours) and a continuous operation (0-24 hours) of air handling units. Temperature and enthalpy distribution functions are shown on Fig. 1 and Fig. 2 which present a daytime (07-19 hours) period and a night period (19-07 hours). Any point of the functions shows the hours and the percentage of the term when the temperature or enthalpy of outdoor air was lower than the examined point. It follows that the τ tot term which applies to 100% distribution is equal to the reference period.
Energy consumption can always be determined by the areas between the functions and the state of the supply air [11, 12] . In view of the annual energy consumption operational costs can be calculated if power and heat costs are known.
The physical and mathematical model
The developed calculation procedure is presented in the article through the example of a fresh air supplied air handling unit (AHU). The connection diagram of this air handling system is shown on Fig. 3 . The symbols in the figure are the following:
PH : Pre-heater, AH : Adiabatic humidifier, C : Cooler, RH : Re-heater, V : Ventilator, F : Filter, SH : Shutter against the rain. During the energy calculations it is important to take into consideration the order of the air handling elements and the air handling processes. During the operation of the air handling units the air handling processes can be best demonstrated by the Mollier h-x chart [14] [15] [16] . Some parameters are given such as the temperature and relative humidity of ambient air in the dimensioning phase (t O S ; ϕ O S ), the supply air that enters the room (t S ; ϕ S ) and the outgoing air that leaves the room (t OG ; ϕ OG ).
To perform the energy calculations it is necessary to know the supply air volume flow and the density of the supply air.
The values of indoor air parameters depend on the air distribution of the room and are shown between the supply air and outgoing parameters. The energy analysis is not influenced by the indoor air parameters.
In winter the relative humidity of air coming from the adiabatic humidifier is usually 95 %, although this value depends on the intensity of the vaporization. The Mollier h-x chart is available for further data needed to complete the energy analysis. Fig. 4 shows the process of pre-heating ("OS-RH" section), the adiabatic humidifier ("RH-AH" section) and the re-heating ("AH-PH" section) in the dimensioning phase in winter time.
During the change of the ambient air state the pre-heater heats up the air up to the constant enthalpy line that is determined by the adiabatic humidifier, therefore the distribution function of ambient air enthalpy has to be used to define the energy consumption of heating.
On the distribution function (Fig. 5 ) the above mentioned air state parameters in the dimensioning phase are also shown as well as their changes as the ambient air enthalpy varies during the heating season. The areas of the distribution function that represent the energy consumption of the pre-heater and the reheater can be accordingly drawn . Throughout the calculation of the energy consumption of heating the supply and outgoing air parameters were assumed to be constant during the heating season. This approximation was also applied for the supply and outgoing parameters in the dimensioning phase for the cooling season in the summer. Fig. 5 shows the areas proportional to the daytime heating energy consumption of the air handling unit (07-19 hours). The symbols are the following:
: the distribution function of ambient enthalpy (07-19 hours, 19-07 hours), h O S [kJ/kg] : the ambient enthalpy in dimensioning phase in the winter time, h P H [kJ/kg] : the enthalpy of the air after the pre-heater, which is equal to the enthalpy by the adiabatic humidifier (h AH ), h R H [kJ/kg] : enthalpy of the air after the re-heater, which is equal to the enthalpy of supply air (h S ).
The physical and mathematical equations were determined The energy consumption of the pre-heater:
where:
ρ [kg/m 3 ] : air density, V P H [m 3 /h] : air volume flow in pre-heater (in the case of fresh air supplied AHU it is equal to the air volume flow in re-heater (V R H )).
The energy consumption of the re-heater:
where: The calculation procedure for the analysis of the energy consumption of cooling is similar in the summer time. The dimensioning phase for the summer period is specified by the regulations. The average temperature of the surface of cooling coil (t S A ) is about 11-12˚C when the cooling water temperature is 7/12˚C. In light of the above mentioned data the area proportional to the energy consumption of the cooling coil can be drawn in the distribution function. In consideration of the fact that there is condensation on the surface of the cooling coil, the enthalpy distribution function of the ambient air was used to determine the annual energy consumption of the cooling coil (Fig. 7) . The energy consumption of the cooling coil:
where: V C [m 3 /h] : the air volume flow in the cooling coil, h S [kJ/kg] : the enthalpy of the supply air. In light of the energy consumption of the cooling coil the electricity consumption of the compressor can be calculated as follows:
[kJ/year], or [kWh/year]
where: C.O.P [-] : the coefficient of the performance of the refrigerating machine [17, 18] .
The coefficient of the performance of the refrigerating machine changes during the cooling season. This change was taken into consideration through seasonal average figures.
The results
In our research work a comparative analysis was made between the new calculation procedure we had developed and the existing international calculation methods. During our analysis the net energy consumption of three air handling units for heating and cooling was determined. The energy analysis was performed using meteorological data for Budapest. The elements of the AHUs are presented in 
